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ABSTRACT
Modeling of biofilms in porous media at pore scale resolution has been hindered by
the lack of available experimental techniques to non-destructively image biofilm
structure at these resolutions. Researchers have relied upon simulation rather than
experimentation to produce pore-scale biofilm models, using simplifying assumptions
governing microbial growth such as Monod kinetics and random biofilm seeding
locations to generate biofilms in simulated environments. This study investigated the
use of absorption-edge synchrotron X-ray computed microtomography (SXCMT) in
combination with a contrast agent, Lugol’s iodine solution (10% KI/5% I2), to
nondestructively obtain three-dimensional images of biofilms at pore-scale resolution.
The study examined and quantified the preferential absorption of contrast agent into
biofilm and demonstrated the ability of SXCMT to determine the concentration of
contrast agent in solution. Three-dimensional maps of X-ray mass linear attenuation
were converted to SXCMT-determined contrast agent concentration maps that contain
the average contrast agent concentration of each pore in the images. Averaging the
large number of individual concentration values in each pore results in a high level of
confidence in the SXCMT-determined mean concentrations. The pore mean
concentration maps were used to identify and differentiate biofilm and abiotic pore
spaces. Large spheroid granular biofilms were used to provide qualitative confirmation
of the imaging technique. The novel imaging technique developed in the study provides
a useful tool to develop three-dimensional measurements of biofilms in porous media
that better represent actual in situ biofilm structure and distribution.

viii

1. INTRODUCTION
Microorganisms in wet or aqueous environments have a tendency to group
together and grow in communities called biofilms, suspended within extracellular
polymeric substances (EPS). Biofilms are ubiquitous both in nature and in industrial and
engineered environments (Costerton, et al. 1995; Rawlings and Johnson 2007), and
techniques to image and model them in situ and non-destructively in various porous
media environments have wide applications in fields such as water and wastewater
treatment (Woznica, et al. 2010), bioremediation (Rodriguez and Bishop 2007;
Soleimani, et al. 2009), and microbial enhanced oil recovery (Ramkrishna 2008).
Biofilm/porous media systems have been well-studied in some respects, but studies
which have modeled these systems in three dimensions have generally relied on
simulations governed by Monod kinetics to develop biofilm structures, rather than on
directly observed physical specimens (Thullner and Baveye 2008; Graf von der
Schulenburg, et al. 2008). This is due to the limitations of imaging techniques such as
light microscopy, confocal laser scanning microscopy (CLSM), and environmental
scanning electron microscopy (ESEM), which can visualize biofilms well on twodimensional surfaces but not within three-dimensional porous media structures (Xavier,
Picioreanu and van Loosdrecht 2004; Woznica, et al. 2010). Magnetic resonance imaging
(MRI) has been used by several groups to successfully image biofilms in threedimensions, but the resolution (50-100 µm per pixel) afforded by MRI limits the
applicability of the technique for pore-scale studies requiring finer resolutions (Manz, et
al. 2005; Seymour, et al. 2007).
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Synchrotron X-ray computed microtomography (SXCMT) is a three-dimensional
non-destructive imaging method with higher resolution capabilities than MRI that has
been widely used in the fields of environmental, petroleum, and water resources
engineering to image porous media environments. However, successful use of the
technology to image biofilms in porous media has been limited to a few studies, and its
applicability remains relatively unexplored.
Synchrotron light sources produce high-intensity photon beams that can be
monochromatically filtered to select X-ray energies. Different elements and compounds
attenuate X-rays of particular energies in unique ways. Their different attenuation
characteristics can be used as signatures to differentiate them from each other in X-ray
images. These SXCMT images are produced by shining a monochromatic X-ray beam
through a sample, converting the X-rays that have passed through the sample to visible
light, then capturing the visible light with a camera. By rotating a sample and imaging it
multiple times at different angles, a three-dimensional image that reveals the internal
composition of the sample can be reconstructed (Ketcham and Carlson 2001).
Differences in the X-ray absorption in the reconstructed image can be used to
quantitatively analyze the sample’s internal composition.
SXCMT has been successfully used to differentiate non-aqueous phase liquid and
water distributions in porous media (Schnaar and Brusseau 2005), to map
concentrations of various engineered chemical components within manufactured
materials (Ham, et al. 2004), and to distinguish minerals of different compositions in
solid media (Grader, et al. 2009). The principal barrier to using SXCMT as a technique to
2

image biofilms in porous media has been the fact that biofilms are essentially
indistinguishable from water in an SXCMT image.
The solution to this imaging challenge is to identify a contrast agent that will be
effective in differentiating the biomass phase from the non-biofilm phase. Three main
strategies have been proposed to address the challenge. The first strategy that has
been proposed is to use a contrast agent that adheres to the surface of biofilms to
visualize the interface between the biofilm and the aqueous phase. The contrast agent is
injected into the porous media and then purged from the abiotic pore spaces within the
porous media by a rinse injection. The rinse does not displace the contrast agent, which
coats the biofilm. The sample is imaged after the rinse, and it is assumed that the
contrast agent visualized in the resulting image accurately characterizes the surface of
the biofilm.
Iltis, et al. (2011) demonstrated this technique using neutrally buoyant, hollow
silver microspheres (5-15 µm in diameter) as contrast agents to delineate the surfaces
of biofilms in their samples. The researchers injected silver microspheres into porous
media columns containing biofilms and imaged the columns using SXCMT. The silver
microspheres appeared as small points in the SXCMT image. The researchers used a
point-cloud algorithm to create a triangulated mesh connecting all of the silver
microspheres. The study hypothesized that the shape of the mesh approximated the
interface between the biofilm and the aqueous-phase pore space.
The results of the study indicated that the technique is promising but is subject
to certain limitations. Because it relies on random deposition and adherence of particles
3

onto biofilms in order to develop maps of the surfaces of the biofilms, a number of
phenomena could negatively affect the quality of the triangulated mesh describing the
biofilm surface. For example, microspheres could be trapped in small pores and not be
removed by the rinse injection, could be unevenly deposited throughout the porous
media column due to the effect of biofilms and small pores on the pore network, or
could be poorly adhered to the biofilm surface and subsequently rinsed from the
column during the rinse injection. The quality of the calculated interface relies on the
pattern of flow of the microspheres through the porous media, the extent of their
penetration into the pores, and the evenness of their distribution and retention on the
biofilm after rinsing. As such, the technique is limited by the uncontrolled flow and
deposition behavior of the interface contrast agent.
The second strategy that has been proposed has been to use a contrast agent
that does not diffuse into or penetrate the biofilm phase and that has a different X-ray
attenuating properties than the biofilm. An ideal image produced using this method
would show the porous media, the contrast agent, and an unstained aqueous phase
which would hypothetically correspond to biofilm. Two studies have investigated this
approach. Davit, et al. (2010) used highly concentrated (>0.33 g/mL) medical
suspensions of barium sulfate, alone and with potassium iodide, to contrast biofilm with
the barium sulfate-filled pore space. Potassium iodide was assumed to diffuse into the
biofilm and enhance its contrast with the barium sulfate. In this study, the images of the
barium sulfate were vivid, but the paste-like consistency of the solution raised questions
of whether it had propagated all of the pores and bead contacts.
4

Another study by Rolland du Roscoat, et al. (2014) used 1-chloronaphtalene in
place of barium sulfate to act as a pore-phase contrast agent with biofilm in a porous
media. 1-chloronaphthalene is immiscible with water, has a low viscosity, and can be
differentiated from water using SXCMT. In this study, the authors cultivated biofilms in
beaded columns under aqueous conditions. Prior to imaging, the water was drained
from the columns, and 1-chloronaphthalene and barium sulfate were injected into the
porous media. The study found that 1-chloronapthalene produced images with sharper
interfaces between the biofilm-phase and the non-biofilm pore phase, presumably due
to the hydrophobicity of 1-chloronapthalene according to the authors of the study.
However, this second approach is unable to differentiate between biofilms and
retained water in the pore spaces. The experimental procedure used by Rolland du
Roscoat et al. (2014), draining the columns of water prior to injection of 1chloronaphthalene, would most likely result in retained water in small pores. If any nonaqueous phase or plastic fluid were injected into either a drained or water-filled column,
it is very likely that some amount of water would be retained in the pore spaces,
corrupting the resultant biofilm image. Rolland du Roscoat et al. (2014) indeed stated
that most of the biofilm phase was observed close to grain contacts and within small
pores. This suggests that retained water could not be excluded as a factor affecting the
distribution of the 1-chloronapthalene solution throughout the porous media.
The present study investigates a third strategy, which uses an aqueous-phase
contrast agent that diffuses and absorbs into the biofilm to differentiate the biofilm.
Preliminary research conducted by Roberts (2009) indicated the feasibility of using
5

Lugol’s iodine solution, an aqueous solution of 10% KI and 5% I2 by weight, as a contrast
agent of this type. Roberts (2009) hypothesized that biofilms would absorb iodine from
Lugol’s solution in such a manner that the equilibrium concentration of iodine in the
biofilm would be sufficiently greater than the equilibrium concentration of iodine in
solution to allow the exploitation of SXCMT to quantitatively differentiate the biofilm
from the surrounding solution and porous medium. Several studies have investigated
microbial absorption of iodine from various solutions (100 mg-I/L to 5,000 mg-I/L) and
found that iodine uptake ranged from approximately 30 milligrams of iodine per gram of
dry biomass to 250 milligrams per gram (Hugo and Newton 1964; Newton and Vickers
1964; Brandrick, et al. 1967).
The study reported in this thesis investigated the absorption of iodine by biofilms
and presents a technique for imaging biofilms in porous media with SXCMT using iodine
as a contrast agent. Iodine concentration maps were used to differentiate biofilms from
a surrounding liquid phase. The effect of rinsing the iodine-stained biofilms with water
to enhance the contrast of the resultant SXCMT images was also investigated.
The remainder of this thesis is organized as follows. First, the background and
fundamentals of using absorption-edge microtomography to determine aqueous-phase
chemical concentrations are introduced and developed. This section presents the
techniques used and assumptions involved in using SXCMT to image samples and to
estimate iodine concentrations in aqueous solutions.
Then, a series of wet laboratory experiments are presented that quantitatively
analyzed biofilm sorption of the contrast agent, iodine. These experiments serve as
6

proof-of-concept experiments to demonstrate that iodine in solution will be sorbed
preferentially by biomass. Their intent is to provide independent validation of
preferential biofilm sorption of iodine to justify the use of that physical phenomenon as
a means to provide SXCMT contrast.
Next, an SXCMT experiment is presented that demonstrated the capability of
imaging technique to distinguish and quantify different concentrations of iodine in
prepared solutions contained in capillary tubes. This experiment established a
calibration relationship between SXCMT-determined iodine concentrations and iodine
concentrations determined in the wet laboratory and corroborated the wet lab sorption
results with SXCMT sorption results. It showed that SXCMT was able to accurately detect
differences in solution iodine concentrations. Demonstration of this capability was an
essential part of showing that SXCMT could be used to image differences across stained
biotic porous media.
Finally, two series of experiments are presented that used SXCMT to image
biofilms in porous media injected with iodine solution, using concentration maps to
delineate biofilm and non-biofilm phases. The SXCMT images capture granular biofilms
distributed in porous media that are differentiable from abiotic pore spaces due to their
iodine concentrations. The granules created large cavities in the porous media which
enabled qualitative validation of the results of iodine concentration distribution maps.
Water-rinsing of the porous media columns after iodine staining was demonstrated to
provide even more contrast to the SXCMT distribution maps, which made differentiation
of biomass and abiotic pore space even simpler.
7

2. ABSORPTION-EDGE MICROTOMOGRAPHY
SXCMT uses synchrotron radiation to non-destructively image an opaque
physical object in three dimensions. Synchrotron radiation is electromagnetic radiation
emitted from relativistic charged particles accelerated radially through magnetic fields.
The components of this radiation are diverse, ranging over the entire magnetic
spectrum, including radio waves, X-rays, and visible light (Wildenschild and Sheppard
2013).
Man-made synchrotron radiation is generated in circular particle accelerators
designed for that purpose. In these facilities, an electron gun generates a flow of
charged particles that is passed through a linear accelerator to an electromagnetic
storage ring under vacuum where the electrons are maintained in a fixed orbit at a
particular speed. Synchrotron radiation is emitted in a narrow, forward-directed cone,
which is captured by beamlines that surround the storage ring (Wildenschild and
Sheppard 2013). These beamlines contain a number of structures that protect users
from radiation, maintain storage ring vacuum, and select desired photons for use in the
experimental station. For example, in order to generate the monochromatic X-rays
generated for the purposes of this research, white synchrotron light captured from the
storage ring is passed through silicon and germanium crystals, which causes the X-rays
flowing through them at different energies to diffract at different angles according to
Bragg’s Law (Molnar, et al. 2014). Using this effect, the crystals can tune the beam of
light produced so that only X-rays of a particular and limited energy spectrum are
passed into the experimental hutch. The intensity of the beam generated by the
8

synchrotron facility ensures that the resultant monochromatic beam is sufficiently
intense to be useful for fast and high-resolution tomographic imaging applications
(Wildenschild and Sheppard 2013).
For the relatively low X-ray energies of interest to this research (~33 keV), the
dominant mechanism governing the interaction of the incident photons with the target
atoms is the photoelectric effect (Wildenschild and Sheppard 2013; Hubbell and Seltzer
2004). When an X-ray photon of a particular energy (a function of wavelength)
encounters an atom, the photon is absorbed by an electron of an inner shell. If the
photon is of sufficient energy, the electron will be expelled from its shell, resulting in an
ionized atom. The atom will eventually return to a neutral state by the emission of an Xray (Wildenschild and Sheppard 2013). Photons with initial intensity Io are attenuated
exponentially when penetrating a solid layer of material with mass thickness x and
density ρ and emerge with an intensity I given by the following law
𝐼 ⁄𝐼0 = exp[−𝛼𝑥]

(1)

where α is defined as the mass attenuation coefficient, which can be determined
experimentally by measuring I and I0 and knowing x. Note that the mass thickness x is
equal to the product of the material thickness t and the density ρ (Hubbell and Seltzer
2004).
In effect, the mass attenuation coefficient α is the governing parameter of the
photon absorption of a particular element at a particular wavelength of light. It has a
unique, fixed value for each element at a particular photon energy. In a compound, the
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mass attenuation coefficients of each element add linearly relative to their volume
fraction to determine the absorption coefficient of the species as a whole (Hubbell and
Seltzer 2004). A full database of mass attenuation coefficients for both elements and
compounds at various energies is available online at the NIST XCOM Photon Crosssections Database (http://www.nist.gov/pml/data/xcom/index.cfm).
Transmission X-ray tomography is a technique that exploits the photoelectric
absorption effect to produce tomographic images. If the intensity of the incident X-ray
beam is sufficient, a calculable quantity of photons will pass through the material. This
attenuated X-ray beam can then be passed through scintillator optics that convert the
beam into visible light. Depending on the particular beamline, this light may or may not
be magnified. In general, however, the visible light beam strikes a CCD camera at the
end of the experimental station. This produces a digital back-projection of the sample,
where each pixel of the image corresponds to a measurement of the attenuation of the
X-ray beam for that particular area. The sample is rotated along the axis perpendicular
to the beam, and projections are produced for each angle. These projections can be
reconstructed using a variety of approximate or exact techniques into a threedimensional images, or tomograms (Ketcham and Carlson 2001; Wildenschild and
Sheppard 2013). A tomogram is a three-dimensional array of integers whose values,
called voxels, correspond to the attenuation of the beam produced at the corresponding
point in the sample. The numerical value of each voxel, the voxel linear attenuation
coefficient v, is determined in the following way:

10

𝑣⁄𝑆 = 𝛼𝑥 = 𝛼𝜌𝑡

(2)

where S is a user-defined scaling factor specified during the reconstruction process, v, is
the actual value returned to the user during the reconstruction,𝛼 is the mass
attenuation coefficient, an experimentally determined constant particular to each
element or compound, and x=ρt, where ρ equals the density of the material and t
equals its thickness. In a digital image, t is simply the ‘thickness’ or resolution of the
voxel.
The calculation of the density or concentration of a particular element, 𝜌𝑒𝑙𝑒𝑚𝑒𝑛𝑡 ,
in a voxel length, t, imaged at a particular energy with a known mass attenuation
coefficient, 𝛼, and a specified scaling factor, S, can be rewritten from Equation (2) as
follows:
𝑣⁄[𝑆 𝛼𝑡] = 𝜌𝑒𝑙𝑒𝑚𝑒𝑛𝑡

(3)

The calculation of concentration values in a mixture of chemicals, in an aqueous solution
for example, follows the same logic, because mass attenuation coefficients in a
compound add linearly (Hubbell and Seltzer 2004). So for a mixture of n compounds, the
calculation of the voxel linear attenuation coefficient 𝐴𝑚𝑖𝑥𝑡𝑢𝑟𝑒 would read
𝑣𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = [𝛼𝐴 𝜌𝐴 + 𝛼𝐵 𝜌𝐵 … + 𝛼𝑛 𝜌𝑛 ]𝑆𝑡

(4)

In the cases where the contrast between the attenuations of certain elements
are not sufficient to serve experimental purposes or where the volume fraction of the
elements in a compound are unknown, more information is needed to determine the
concentrations/densities of individual components of the system. Absorption-edge
11

microtomography is a technique that can be used to solve these and similar problems.
The absorption-edge of an element refers to a discontinuity in its absorption spectrum
that occurs where the energy of incident photons is just greater than the work required
to eject an electron from an inner shell of an atom. Photons below this energy level pass
through the target material much more easily than photons above this energy. The
following figure displays a portion of the absorption spectrum of iodine, which highlights
the K-edge absorption edge of iodine, which is defined as the photon energy level
(33.167 keV) where a K-shell electron is ejected (Hubbell and Seltzer 2004; Wildenschild
and Sheppard 2013). The discontinuity in the absorption spectrum corresponding to the
iodine K-edge is clearly visible at 33.167 keV.

Mass Attenuation
Coefficient (cm2/g)

40
30
20
10
0
20

25

30
Photon Energy (keV)
Iodine

Water

35

40

Potassium

Figure 2-1. Absorption spectrum for iodine, water, and potassium near the iodine k-edge
(Hubbell and Seltzer 2004).
An examination of absorption spectra for the compounds that make up Lugol’s
aqueous iodine solution (5% I2 and 10% KI by weight) illustrates the application of this
discontinuity to the present study. Figure 2-1 indicates that the differences in
attenuation coefficients of the non-iodine components of Lugol’s solution (water and
potassium) at energies above and below the iodine k-edge are small relative to that of
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the differences in iodine’s attenuation coefficients. To be precise, the difference in
attenuation coefficients ∆𝛼 at 33.067 keV and 33.267 keV for water and potassium are 0.0024 cm2/g and -0.043 cm2/g, respectively. For iodine, the ∆𝛼 at these energies is
28.953 cm2/g, which results in a difference of several orders of magnitude larger than
for water and potassium in the same system. This difference can be exploited to aid in
the estimation of iodine concentration values as follows.
As mentioned before, attenuation calculations are linearly additive (Hubbell and
Seltzer 2004). If the same material is imaged above and below an absorption edge, the
following can be written:
𝑣𝑎𝑏𝑜𝑣𝑒 − 𝑣𝑏𝑒𝑙𝑜𝑤 = [∆𝛼𝐴 𝜌𝐴 + ∆𝛼𝐵 𝜌𝐵 … + ∆𝛼𝑛 𝜌𝑛 ]𝑡

(5)

In cases where a sample is imaged at X-ray energies just above and below the
absorption edge of an element A in a compound, the differences in attenuation of the
other elements, B – n, in the compound are small and can be assumed to be negligible:
∆𝛼𝐵 ≈ 0
∙
∙
∙
∆𝛼𝑛 ≈ 0
This allows Equation (5) to be solved for 𝜌𝐴 :
[𝐴𝑎𝑏𝑜𝑣𝑒 − 𝐴𝑏𝑒𝑙𝑜𝑤 ]/∆𝛼𝐴 𝑡 ≈ 𝜌𝐴
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(6)

In this way, imaging above and below the absorption edge of an element allows the
estimation of the concentration of the element even if its volume fraction is not known.
Consider the case of pure Lugol’s iodine solution (5% I2, 10% KI) imaged at 34
keV and 32 keV, which represent the widest spread of imaging energies considered in
this study. At these energies, the values in Equation (5) are as follows:
𝛼𝐴𝐼 −  𝛼𝐵𝐼 = 26.412
𝛼𝐴𝐾 −  𝛼𝐵𝐾 = −0.443
𝛼𝐴𝐻2𝑂 −  𝛼𝐵𝐻2𝑂 = −0.0252
The concentrations of the three components, K, I, and H2O, in pure Lugol’s solution can
be calculated stoichiometrically:
𝜌𝐼 = 0.1264𝑔 − 𝐼/𝑐𝑚3
𝜌𝐾 = 0.02355𝑔 − 𝐾/𝑐𝑚3
𝜌𝐻20 = 0.997𝑔 − 𝐻2 𝑂/𝑐𝑚3
From these, the theoretical value for the linear voxel attenuation coefficient for pure
Lugol’s solution can be determined, assuming thickness and scale factor of unity.
𝐴𝐿𝑢𝑔𝑜𝑙 = 𝐴𝑎𝑏𝑜𝑣𝑒 − 𝐴𝑏𝑒𝑙𝑜𝑤 = [∆𝛼𝐼 𝜌𝐼 + ∆𝛼𝐾 𝜌𝐾 + ∆𝛼𝐻20 𝜌ℎ20 ]𝑡 = 3.304
If the simplifying assumption is made to eliminate water and potassium attenuation
from the equation, then the voxel linear attenuation coefficient in the sample is instead
calculated using the simplified Equation (6), resulting in a value of 3.340 and a resultant
error of 0.5%. The error introduced is small but eliminates the need for the more
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complex imaging process that would be required to determine what would be a threevariable problem.
Applying Equation (6) to every voxel in the tomogram results in a threedimensional array that maps the SXCMT-determined concentration of iodine throughout
the sample. Every voxel value then corresponds to an estimated iodine concentration
within the subvolume captured by the voxel. Due to noise inherent in the imaging
process, a natural degree of variation occurs in the measured concentrations at the
voxel level, such that the exact value of any voxel means little in isolation. That degree
of uncertainty can be reduced by averaging groups of voxels together to better estimate
the true concentration of the solution. In other words, when concentration data from a
bundle of voxels is aggregated, it tends to more accurately match the theoretical
concentration value of the solution in the image as the size of that bundle is increased.
Experiments described later in this study use this approach to reduce uncertainty in
SXCMT-imaged samples and demonstrate that noise effects are reduced as the selection
size of the voxel value pool increases.
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3. MATERIALS AND METHODS
3.1

Granular Biofilm Preparation
The microbial iodine sorption and SXCMT imaging experiments performed for

this thesis required the cultivation of a geometrically consistent, robust, and easily
producible microbial ‘raw material.’ To meet this demand, a laboratory-scale aerobic
sequencing batch reactor (SBR) was constructed to produce aerobic granular biofilms.
Microbial granulation is a process exploited in wastewater treatment that produces selfimmobilized biofilms by tuning operating parameters such as seed sludge and substrate
characteristics, aeration, and wasting. An optimized granular treatment process
produces granules with a strong, compact microbial structure, high biomass retention,
and good settling ability (Moy, et al. 2002). These properties were useful for the
experiments in this study as well.
The method for cultivating the aerobic granules was adapted from Moy, et al.
(2002). The working volume of the aerobic SBR was 2.0 L. The reactor was started up
with 1L of municipal return activated sludge (RAS) from the Port Allen Wastewater
Treatment Plant (approximately 10,000 mg/L suspended solids). Aeration was supplied
with an aeration stone situated at the bottom of the reactor, which provided an airflow
rate of 2.4 L/min (equivalent to a superficial gas velocity of 2 cm/s). The reactor was
operated continuously in 6-hour cycles, consisting of 30 minutes of influent filling, 300
minutes of aeration, 2 minutes of settling, and 28 minutes of effluent withdrawal. The
reactor was fed with 1L per cycle of a synthetic wastewater with the following
composition, resulting in an organic loading rate (OLR) of 8 kg COD/m3-day.
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Table 3-1. SBR Influent Feed Characteristics
Composition

Concentration (mg/L)

Glucose

1,400

Peptone

400

NH4Cl

200

K2HPO4

45

CaCl⋅2H2O

30

MgSO4⋅7H2O

25

FeSO4

10.9

Micronutrient solution

Varied by constituent
(Moy, et al. 2002)
8 kg COD/m3-day

Organic Loading Rate

Effluent was withdrawn from the middle of the reactor volume at a volumetric exchange
ratio with the feed of 50%. Aerobic granules formed within three weeks of reactor
startup. The granules initially had extremely fluffy exteriors, which then transitioned to
more compact, roughly spherical morphologies with diameters ranging from less than 1
mm to 3 mm. This general structure was stable during extended reactor operation (180
days). Granules filtered from the reactor volume retained their shape and did not break
up easily into smaller clusters with handling. Granules were periodically removed from
the reactor, filtered with a fine wire mesh to remove excess water, and frozen for
preservation prior to use in experiments.
To estimate the average density of the granules, samples consisting of 50
filtered, frozen granules, were unfrozen, volumetrically measured in a weighed Pyrex
graduated cylinder, weighed, dried in an oven at 105 degrees Fahrenheit in the Pyrex
graduated cylinder, and weighed again to determine the sample dry weight. The dry
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weight density of the granules in terms of dry biomass per liter of wet biomass was
calculated by dividing the measured weight of the dry sample by the volume of the
unfrozen granules measured in the graduated cylinder. The samples were found to have
an average dry total solids (TS) concentration of 38 grams of dry biomass per liter (3.8%
TS), a wet weight density of 1,035 grams of wet biomass per liter, and a specific gravity
(wet) of approximately 1.038. In subsequent experiments, these wet and dry densities
were assumed for aerobic granules due to the impossibility of determining the
individual dry weight of each granule used in experiments.
To analyze the distribution of the densities of individual granules, a similar
procedure was used. Filtered and frozen granules were unfrozen, placed in a beaker,
and volumetrically measured by withdrawing a 1 ml volume of the granule suspension
into a wide bore pipette and pipetting out a single granule onto a weighed aluminum
weigh boat. The granule volume was estimated by recording the volume in the pipette
before and after the granule was pipetted onto the weigh boat. The granule was
weighed in the weigh boat, dried in an oven at 105 degrees Fahrenheit, and weighed
again. The dry weight density of the granule, in terms of dry biomass per liter of wet
biomass, was calculated by dividing the measured weight of the dry sample by the
volume of the unfrozen granules measured in the graduated cylinder. Individually
filtered granules with approximate diameters of 1-3 mm were found to have a range of
total solids concentrations between 31,000 mg/L and 46,000 mg/L (corresponding to dry
weight total solids concentrations of 3.1% and 4.6% respectively).
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Moy, et al. (2002) performed strength measurements (not performed for this
study) on aerobic granules which they produced under similar conditions for their
research and reported that the granules exhibited integrity coefficients of 93% to 97.3%,
based on the ratio of residual volatile suspended solids (VSS) after a period of agitation
to total suspended solids (TSS).
3.2

Batch Sorption Experimental Procedure
In order to quantify the degree of biological sorption of iodine from solution

under wet lab conditions and to develop a sorption isotherm of iodine for granular
biofilms, a batch experiment using the aerobic granules was performed. This experiment
was intended as proof-of-concept to show that biofilms did indeed sorb iodine from
solution preferentially. In other words, it demonstrated that biofilm could be stained
with iodine through sorption and established the expected mass of iodine that would be
sorbed by a given mass of biofilm, a relationship that could be used to corroborate wet
lab results with SXCMT results later.
Frozen, filtered granules with approximate diameters of 2 mm were unfrozen
and weighed under wet conditions. A series of polypropylene 1.5 ml microcentrifuge
tubes (DOT Scientific 509-FTG) was prepared such that each microcentrifuge tube was
weighed and injected with either 0.5175 or 1.035 grams of granules. Due to the
impossibility of sampling the actual density of the granules in the tubes, the estimated
average dry density (38,000 mg/L) and the specific gravity (1.03811 – wet) of the
granules, as measured and described in Chapter 3.1, were used in conjunction with the
measured wet weight of the granules to estimate the dry weight of biomass and total
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volume of water in the tube. The total mass of the tubes were divided by the average
specific gravity of the granules to estimate the total volume of water in the tube, which
was required to properly prepare the following dilutions. Each tube was estimated to
contain approximately 0.498 or 0.997 grams of water (corresponding to 0.5 mL or 1 mL
of water). The difference between the mass of water in the tube and the total wet mass
of the tube was assumed to equal the total dry mass of biomass in the tube. The dry
mass of biomass in the tubes was found to be approximately 0.019 grams or 0.038
grams.
Once the tubes contained the desired amount of water and biomass, various
volumes of undiluted Lugol’s solution (10% KI, 5% I2 by weight, 126,400 mg-I/L) and
deionized water were added to each microcentrifuge tube to result in the following
series of overall dilutions of Lugol’s solution within the tubes: 1:2, 1:3, 1:9, 1:15, and
1:30, as summarized in Table 3-2. The estimated volume of water present in the
granules was considered as part of the dilution for determining the final dilution ratio in
the tubes. Control tubes were prepared for the same dilutions using Lugol’s solution and
deionized water.
Each microtube was agitated for 20 minutes using a vortex agitator, then
centrifuged at 12,500 rpm for 10 minutes. The supernatant iodine concentration was
assumed to have reached equilibrium after twenty minutes, an assumption based on
research presented by Hugo and Newton (1964), who found rapid initial microbial
absorption of iodine from solution followed after a few minutes by slow, near-zero
uptake extending over a period of four to six hours.
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Granules were not homogenized in order to match experimental conditions in
subsequent experiments. The leucocrystal violet (LCV) method for determination of
total inorganic iodine in aqueous solutions (Standard Method 4500-I2 B) was used to
determine the total iodine concentration of the control tubes and of the supernatant
from the sample tubes (Standard Methods for the Examination of Water and
Wastewater 1998).
Table 3-2. Batch Sorption Experimental Preparations
Preparations

Dilution

Iodine Concentration
(mg/L)

Granular Biofilm +
Abiotic Control

1:2

63,200

Granular Biofilm +
Abiotic Control

1:3

42,133

Granular Biofilm +
Abiotic Control

1:9

14,045

Granular Biofilm +
Abiotic Control

1:15

8,430

Granular Biofilm +
Abiotic Control

1:30

4,213

The LCV method is relatively quick to perform and involves the oxidation of
iodides by the addition of KHSO5. The product of this reaction reacts instantaneously
with an indicator chemical, N,N-dimethylaniline, to produce a highly colored crystal dye,
which is relatively stable, can be analyzed spectrophotometrically, and adheres to Beer’s
Law. A calibration curve must be established using KI standard solutions, and then the
total iodine concentration of the sample solution can be determined by fitting the
sample absorbance to the relationship developed between the standard solution
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concentrations and their absorbances (Standard Methods for the Examination of Water
and Wastewater 1998).
Once the LCV-determined iodine concentration of the sample supernatant was
determined, the mass of iodine absorbed from each sample tube was calculated and fit
to a Freundlich isotherm formulation. The Freundlich equation is an empirical relation
between the sorption ratio, defined as the ratio of the mass of absorbate to the mass of
absorbent, and the equilibrium concentration of absorbate in solution. In this case, the
absorbate/absorbent ratio of interest was the ratio of the mass of iodine sorbed from
solution to the mass of dry biosolids in the sample. This ratio was plotted against the
total iodine concentration measured in the supernatant from the sample tubes. The
Freundlich relationship indicated the degree of iodine sorption to be expected in
subsequent experiments. The empirical expression of the Freundlich isotherm is as
follows:
𝑥
= 𝐾𝑓 𝐶𝑒 1/𝑛
𝑚

(7)

Where x is the mass of the absorbate, m is the mass of the absorbent, Ce represents the
equilibrium concentration, and Kf and n are parameters that depend on the adsorbate
and adsorbent (Kinniburgh 1986).
3.3

Column Breakthrough Sorption Experimental Procedure
The column breakthrough sorption experiment was designed extend the analysis

of biofilm iodine sorption by examining the sorption of iodine from solution by aerobic
granules situated in porous media rather than by granules contained in sample vials. The
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setup of this experiment was similar to the setup used in subsequent SXCMT
experiments. The experiment was intended to compare the iodine sorption by biofilms
which were vigorously agitated in tubes with the sorption by biofilms placed in a porous
media which was then injected slowly with iodine solution. The experiment set out to
demonstrate in the wet lab that the porous media experimental setup was acceptable
for use with iodine contrast SXCMT imaging.
In this experiment, two series of porous media columns, one series of columns
containing granules and one series of abiotic columns, were injected with iodine
solution to examine the effect of biofilm sorption on the breakthrough of iodine
concentration in the column effluent. The effluent concentrations from the abiotic and
biotic columns were plotted through time. The integral of the region between the two
curves was used as an estimate of the mass of iodine absorbed by the biotic columns.
Porous media columns were constructed from 155 mm polystyrene tubes with
12 mm inner diameters (Corning Costar 4489). Abiotic and biotic columns were packed
with commercially available silica 40/50 Accusand (Unimin Corporation, d50 = 0.0359cm,
sand passes through a size 40 sieve but not a size 50 sieve). The abiotic series of
columns were prepared as controls and packed with washed 40/50 Accusand under
ponded conditions. The biotic series of columns were packed with washed 40/50
Accusand under ponded conditions and 9.56 g (9.25 ml) of biofilm granules from the
SBR interspersed at even intervals throughout the height of the column. High-density
polyethylene frits (20 µm thickness, Kimble-Chase) were used as porous media support
and influent flow conditioners for the columns. A syringe pump with a reservoir of
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commercially available Lugol’s iodine solution was connected with 500 mm of PTFE
tubing (inner diameter of 1.0 mm) to the influent end of the column. For each
experiment, a new bottle of Lugol’s iodine solution was used to eliminate the possibility
of iodine volatilization between experimental runs. A 500 mm length of PTFE tubing
connected to the effluent end of the column allowed for convenient sampling. The total
volume added to the apparatus by the tubing was calculated to be approximately 2.5
ml. An LCV calibration curve was established, and the total iodine concentration of the
commercially available Lugol’s iodine solution was determined to be 8,320 mg/L. The
flowrate for the syringe pump was chosen to be 0.018867 mL/s, or approximately 1 pore
volume (PV) per six minute interval at a porosity of 32% and a pore volume of 6.7 mL.
Effluent samples were taken at 25-second intervals and stored in a lab refrigerator until
the completion of the experiment, when their total iodine concentration was
subsequently analyzed using the LCV method. Table 3-3 summarizes the column
breakthrough sorption experimental procedure. Porosity values could not be measured
or estimated for the biotic columns.
Table 3-3. Column Breakthrough Sorption Experiment
Column

Preparation

Volume (mL)

Influent Iodine Mass
Rate (mg-I/L)

Porosity

Abiotic 1

40/50 Accusand

18.5

0.157

32%

Abiotic 2

40/50 Accusand

18.5

0.157

32%

Biotic 1

40/50 Accusand + 5.5
mL aerobic granules

18.5

0.157

-

Biotic 2

40/50 Accusand + 5.5
mL aerobic granules

18.5

0.157

-
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The total iodine concentration of the effluent at each time step was plotted with
time to illustrate the breakthrough of iodine solution in the effluent. A logarithmic
trendline was developed for each series, and the integral of the difference of the abiotic
and biotic trendline equations was used to estimate of the mass of iodine sorbed by the
granules in the biotic columns. For the purpose of comparing to the sorption isotherm
developed in the batch sorption experiment, the Freundlich parameter, Ce, for the
equilibrium concentration of iodine in solution was assumed to be 8,430 mg/L, which
was the injection strength of the commercial Lugol’s solution.
3.4

Liquid-Only (L-O) SXCMT Experimental Procedure
The first SXCMT experiment, the L-O experiment, was designed to investigate the

ability of SXCMT to measure the total iodine concentrations of a series of standard
solutions and a series of supernatant samples from sorption batch experiments similar
to those conducted previously and to establish a relationship between SXCMTdetermined iodine concentrations and LCV-determined iodine concentrations. The
experiment offered proof-of-concept demonstration that SXCMT could be used to
accurately detect variations in iodine concentrations. The experiment provided a
quantitative link between wet lab results and SXCMT results, an essential part of
demonstrating that SXCMT had the capability to visualize real differences in iodine
concentrations.
In this experiment, a series of standard solutions was prepared by creating the
following dilutions of Lugol’s solution: undiluted Lugol’s solution, 1:2 dilution of Lugol’s
solution, 1:3 dilution of Lugol’s solution, 1:6 dilution of Lugol’s solution, 1:10 dilution of
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Lugol’s solution, commercially available Lugol’s solution (1:15 dilution), 1:25 dilution of
Lugol’s solution, and deionized water as a control. A supernatant sample series was
prepared by combining 1.035 g of biomass and an appropriate volume of Lugol’s
solution resulting in 1:3 and 1:9 dilutions of Lugol’s solution/biofilm, agitating with a
vortex agitator for 20 minutes, and centrifuging at 12,000 rpm for 10 minutes. The total
iodine concentrations of both series of samples was first determined using the LCV
method described above. Aliquots of both series of samples were then injected into
glass capillary tubes (ID: 1.1-1.2 mm, 70 µL, Fisher Scientific, Fisherbrand 22-260-943)
and sealed to be imaged using SXCMT. Table 3-4 presents a list of L-O sample tubes
prepared for SXCMT imaging.
Table 3-4. L-O Columns: Sample List
Image
Identifier

Preparation

Theoretical Iodine
Concentration (mgI/L)

L-O-1

Commercial Lugol’s Solution
(Sigma-Aldrich)

8,430

L-O-2

1:2 Lugol’s Solution

63,200

L-O-3

1:10 Lugol’s Solution

12,640

L-O-4

1:25 Lugol’s Solution

5,056

L-O-5

1:1 Lugol’s Solution

126,400

L-O-6

DI water

L-O-7

1:2 Lugol’s Solution

63,200

L-O-8

1:3 Lugol’s Solution

42,133

L-O-9

1:1 Lugol’s Solution

126,400

L-O-10

1:6 Lugol’s Solution

21,066

0
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Table 3-4 continued
Image
Identifier

Preparation

Theoretical Iodine
Concentration (mgI/L)

L-O-11

Supernatant (from batch sorption
experiment)

-

L-O-12

Aerobic Granule (from batch
sorption experiment)

-

L-O-13

1:3 Lugol’s Solution

L-O-14

DI water

0

L-O-15

Supernatant (from batch sorption
experiment)

-

L-O-16

Aerobic Granule (from batch
sorption experiment)

-

42,133

The X-ray tomography beam line at the Louisiana State University Center for
Advanced Microstructures and Devices (CAMD) synchrotron radiation facility was used
to image the L-O capillary tube bundles filled with iodine solution. Sample tubes were
imaged above and below the iodine k-edge of 33.167 keV, at energies of 34.0 keV and
32.0 keV, using a double W-B4C multilayer monochromator. The exact vertical heights
of the tubes at which the images were taken varied for each image but were generally
located at approximately 2 cm above the bottom of the tube. The sample tubes were
rotated 180° at 0.25° angle increments. A projection was captured at each angle
increment, resulting in a total of 720 projections. The number of pixels captured in each
image varied slightly. The pixel resolution of the projections was measured to be 5.0 µm
x 5.0 µm.
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After imaging, the projections were reconstructed with a CAMD-specific
reconstruction script in MATLAB (MathWorks). The reconstruction script transformed
the two-dimensional projections into three-dimensional arrays. Each voxel of the array
was an integer value which corresponded to the linear attenuation value of a 5.0 µm x
5.0 µm x 5.0 µm voxel of the original sample. Rectangular subvolumes corresponding to
liquid-filled regions within the capillary tubes were subdivided from the threedimensional volumes generated from each sample, such that each sample solution was
represented in its own three-dimensional array. Above-edge and below-edge
subvolumes were produced for each sample tube. Each subvolume consisted of 250 x
250 x 430 voxels, corresponding to a volume of 1,250 µm by 1,250 µm by 2,150 µm
(0.0034 mL) and an overall voxel count of 26,875,000 voxels per image.
Beer’s law in modified form, derived above in Equation (6), was then applied to
each above-edge and below-edge pair of subvolumes, resulting in a single subvolume
array for each sample tube in which each voxel value corresponded to the SXCMTdetermined iodine concentration in each sample tube. The average iodine concentration
for each sample tube subvolume was calculated and plotted alongside the LCVdetermined iodine concentration to develop a calibration curve. To determine the
degree of uncertainty produced in the image by noise, the concentration data of voxel
bundles of various sizes from the sample tube subvolume were averaged and analyzed.
Figure 3-1 illustrates the image processing steps for the L-O images pictorially. The
image on the left (Figure 3-1a) shows four capillary tubes containing iodine solutions of
different concentrations, with higher concentration solutions appearing brighter. The
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image on the right (Figure 3-1b) consists of a horizontal slice from one of the rectangular
subvolumes extracted from one of the capillary tube regions in Figure 3-2a.

a

b

Figure 3-1. A pictorial representation of the image processing and concentration
quantification procedure for L-O images. (a) SXCMT slice of four L-O columns and (b) a
slice of one of the rectangular subvolumes cut from the raw images with voxel iodine
concentrations mapped.
3.5
3.5.1

Liquid-Porous Media (L-PM) SXCMT Experimental Procedure
L-PM-A Series
Once the calibration curve relating SXCMT-determined iodine concentrations

and LCV-determined iodine concentrations was established, liquid-porous media
systems were investigated in a series of two experiments. The first series of experiments
was conducted by Keegan Roberts as part of his Ph.D. dissertation research (Roberts
2009) using liquid-porous media-activated sludge (L-PM-A) systems. The resulting
images were reconstructed and reprocessed for the purposes of this study. The second
series of experiments was conducted using liquid-porous media-granular biofilm (L-PMB) systems developed as part of this study.
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The first experimental series was designed to compare images of abiotic columns
(with completely liquid-filled pore-spaces) to those of biotic columns (with pore-spaces
completely filled with biological material). To construct the samples, activated sludge
biofilm and porous media were packed into flow-through aluminum columns at the
Argonne National Lab’s Advanced Photon Source (APS) in the GeoSoilEnviro Center for
Advanced Radiation Sources (GSECARS) wet lab. Thin-walled aluminum columns (50 mm
in length by 5 mm inner diameter) were used to create one abiotic column and one
biotic sample column. Washed and water-saturated 40/50 Accusand was used to
prepare the abiotic column. To prepare the biotic column, return activated sludge (RAS)
was collected from the Baton Rouge Central Wastewater Treatment Facility (Baton
Rouge, LA), centrifuged at 13,000 rpm for 5 minutes, and drained of excess water. The
process was repeated several times to generate a useable mass of centrifuged biofilm.
The biofilm was then combined with washed and water-saturated 40/50 Accusand by
hand. The homogenized mixture was cored using the aluminum columns. High-density
polyethlylene frits (20 µm thickness, Kimble-Chase) were used as porous media supports
and influent flow conditioners for both the abiotic and biotic columns. Stainless steel
fittings (Swagelok) were used to connect the columns to PTFE influent and effluent
tubing. The influent tubing was connected to a syringe pump prepared with a reservoir
of deionized water. The flow rate of the syringe pump was set to a flowrate of 0.000194
mL/sec. The sample column was oriented vertically with the effluent end located above
the influent opening to ensure up-flow through the column.
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Ten pore volumes (PV) of deionized water were injected into both the abiotic
and biotic columns, which were then capped and transferred to the GSECARS (13-BMD)
beamline for imaging. All L-PM-A columns were imaged at a height of approximately 1.6
cm from the effluent end of the columns. A double Si(111) crystal monochromator was
used to select X-ray energies with a resolution of ΔE/E = 10-4 (within 0.01% of desired
energy). The X-rays were converted to visible light via a 100 µm thick lutetium aluminum
garnet (LAG) scintillator crystal, and the resulting projections were captured on a
Princeton Instruments CoolSnap HQ-2 CCD camera. Imaging was performed above and
below the iodine K-edge of 33.069 keV, at 33.269 keV and 33.069 keV. The sample
columns were rotated 180° at 0.125° angle increments, during which 1,440 projections
were captured by the camera. The number of pixels in each projection was 520 by 696,
in the horizontal and vertical directions respectively. The pixel resolution of the
projections was measured to be 10.06 µm x 10.06 µm.
After the initial imaging of the DI water-filled L-PM-A columns, columns were
reconnected to the syringe pump apparatus. Five pore volumes of commercially
available Lugol’s iodine solution (Sigma-Aldrich L-6146, with a concentration of 8,430
mg-I/L) were injected into the abiotic and biotic columns. L-PM-A columns were
resealed and imaged above and below the iodine K-edge at 33.267 and 33.067 keV
under the same conditions described above. After re-imaging, columns were again
reconnected to syringe pump apparatus, and this time were injected with one additional
pore volume of deionized water and imaged a final time.
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The resultant two-dimension projections were converted to three-dimensional
tomograms using reconstruction software developed by GSECARS and executed in IDL
8.1 (ITT Visual Information Solutions) (Rivers 2014). Each integer of the threedimensional tomogram array represented a 10.06 µm x 10.06 µm x 10.06 µm voxel of
the sample whose value corresponded to the X-ray mass linear attenuation value. The
modified form of Beer’s Law, Equation (6), was applied to the above- and below-edge
voxel values, resulting in three-dimensional array for each sample that corresponded to
the SXCMT-determined iodine concentration in each voxel.
Concurrently, the reconstructed L-PM-B below-edge datasets were processed
using a nonlinear anisotropic diffusion algorithm and segmented into grain and liquid
phase arrays using an indicator kriging method to segment the phases (Oh and Lindquist
1999; Thompson, et al. 2008; Bhattad, Willson and Thompson 2010). Nonlinear
anisotropic diffusion with automatic eigenvalue analysis of the edge-stopping parameter
was used to reduce the speckle noise resulting from scattered X-ray photons impinging
on the CCD detector while preserving local structure in the data and not blurring the
edges of structures. To segment the image into two phases, a two-step indicator kriging
method was used that assigned a portion of the image voxels into two populations,
leaving a set of unclassified voxels remaining. The values of the unclassified voxels were
then estimated by analyzing the classifications of the assigned values in the same
neighborhood.
Once segmented into grains and liquid, the multi-dimensional arrays were
further characterized using custom software developed by Thompson, et al. (2008) and
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Bhattad, Willson, and Thompson (2010). Each grain in the array was individually
identified and analyzed statistically, then the liquid phase was subdivided into a network
of individual pores of various sizes. The algorithms to perform the grain characterization
and pore-network extraction are described in full detail in Thompson, et al. (2008) and
Bhattad, Willson and Thompson (2010). The result was a new three-dimensional array
created for each below-edge dataset in which the voxels associated with a grain were
given positive values corresponding to that grain, and the voxels associated with a pore
were given negative values corresponding to that pore. The unique pore locations
developed in these arrays were used to map the pore boundaries in the corresponding
SXCMT-determined iodine concentration dataset and compute the average iodine
concentration of each pore, as well as other statistics of interest, such as pore size,
standard deviation of voxel values within the pore, pore height within the subvolume,
and pore number. Figure 3-2 illustrates the major steps of the image analysis procedure.

a

b

c

Figure 3-2. A pictorial representation of the image processing and concentration
quantification process for L-PM-A-B1. (a) Sample imaged at energies above and below
iodine k-edge (below-edge shown). (b) Image segmented into grain and pore phase, and
pore phase iodine concentrations mapped. (c) Pore network characterized, and pore
mean iodine concentration mapped for each pore.
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Pore and grain statistics were developed and analyzed for each sample column.
The overall average pore-space iodine concentrations were computed, then the average
iodine concentrations for each pore were analyzed based on pore size and compared
with the voxel bundle subvolumes analyzed from the L-O images. The SXCMTdetermined iodine concentration measured in the pore-space of the abiotic columns
were compared to the SXCMT-determined iodine concentration of the L-O columns and
the LCV-determined iodine concentration measured for commercial Lugol’s iodine
solution in order to corroborate the results of other experiments. Table 3-5 presents a
list of images captured in the L-PM-A series.
Table 3-5. L-PM-A Image List
Image
Identifier

Description

Media

Flow Conditions

L-PM-A-A1

Abiotic/Water

40/50 Accusand

10 PV DI water

L-PM-A-A2

Abiotic/Iodine

40/50 Accusand

5 PV Commerical
Lugol’s Solution

L-PM-A-A3

Abiotic/Iodine/1PV
Water

40/50 Accusand

1 PV DI water

L-PM-A-B1

Biotic/Water

40/50 Accusand +
Activated Sludge

10 PV DI water

L-PM-A-B2

Biotic/Iodine

40/50 Accusand +
Activated Sludge

5 PV Commercial
Lugol’s Solution

L-PM-A-B3

Biotic/Iodine/1PV
Water

40/50 Accusand +
Activated Sludge

1 PV DI water

3.5.2

L-PM-B Series
The second series of experiments involving the liquid-porous media-granular

biofilm (L-PM-B) columns was designed to confirm the imaging results from the first
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series of experiments and to use aerobic granules to investigate the degree to which
biological sorption of iodine would allow differentiation between iodine-stained aerobic
granules and DI-rinsed pore-spaces. This series of imaging was also conducted at APS at
the Argonne National Lab. The sample columns were prepared in the GSECARS wet lab
and were imaged using the GSECARS (13-BMD) beamline. The details of the beamline
apparatus were the same as used in the first series of experiments. Seven thin-walled
aluminum columns (50 mm in length, 5 mm inner diameter) were used to core
preparations combining aerobic granules and washed 40/50 Accusand porous media.
Four translucent HDPE columns (~3.2 inner diameter) were also cored with aerobic
granules and washed 40/50 Accusand. The translucent columns allowed for visualization
of the iodine-stained granules prior to imaging. The columns were prepared according
the conditions presented in Table 3-6, and Figure 3-3 shows the experimental setup with
a translucent HDPE sample column ready for imaging.

a

b

Figure 3-3. Experimental setup inside GSECARS beamline hutch. (a) Column L-PM-B-4
situated in sample chuck, and (b) beamline apparatus.
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Table 3-6. L-PM-B Image List
Image
No.
L-PMB-1A
L-PMB-1B
L-PMB-2

Description

Media

Biotic/Iodine/
1 PV water

40/50 Accuand +
Aerobic Granules
20/30 Accuand +
Aerobic Granules

L-PMB-3A

Biotic/Iodine/
1PV water

40/50 Accuand +
Aerobic Granules

L-PMB-3B

Biotic/Iodine/
1PV water

40/50 Accuand +
Aerobic Granules

L-PMB-4
L-PMB-5

Biotic/Water

40/50 Accuand +
Aerobic Granules
40/50 Accuand +
Aerobic Granules

L-PMB-6A

Biotic/Iodine/
1 PV water

Abiotic/Iodine 40/50 Accuand
Biotic/Iodine

Biotic/Iodine/
1 PV water

L-PMB-8

40/50 & 20/30
Accuand +
Aerobic Granules
Biotic/Iodine/ 40/50 & 20/30
1 PV water
Accuand +
Aerobic Granules
Biotic/Iodine/ 40/50 & 20/30
1 PV water
Accuand +
Aerobic Granules
Abiotic/Iodine 20/30 Accuand +
/1PV water
Aerobic Granules

L-PMB-9

Biotic/Iodine/
1 PV water

40/50 Accuand +
Aerobic Granules

L-PMB-10

Biotic/Iodine/
1 PV water

40/50 Accuand +
Aerobic Granules

L-PMB-6B
L-PMB-7
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Flow Conditions

Column Type

20 PV Commercial
Lugol’s Solution
20 PV Commercial
Lugol’s Solution
20 PV Commercial
Lugol’s Solution + 1
PV DI water
20 PV Commercial
Lugol’s Solution + 1
PV DI water
20 PV Commercial
Lugol’s Solution + 1
PV DI water
10 PV DI water

Aluminum (5 mm
ID)
Aluminum (5 mm
ID)
Aluminum (5 mm
ID)

20 PV Commercial
Lugol’s Solution + 1
PV DI water
20 PV Commercial
Lugol’s Solution + 1
PV DI water
20 PV Commercial
Lugol’s Solution + 1
PV DI water
20 PV Commercial
Lugol’s Solution + 1
PV DI water
20 PV Commercial
Lugol’s Solution + 1
PV DI water
20 PV Commercial
Lugol’s Solution + 1
PV DI water
20 PV Commercial
Lugol’s Solution + 1
PV DI water

Aluminum (5 mm
ID)
Aluminum (5 mm
ID)
Translucent HDPE
(3.2 mm ID)
Translucent HDPE
(3.2 mm ID)
Translucent HDPE
(3.2 mm ID)
Translucent HDPE
(3.2 mm ID)
Aluminum (5 mm
ID)
Aluminum (5 mm
ID)
Aluminum (5 mm
ID)
Aluminum (5 mm
ID)

The L-PM-B series columns were each imaged above and below the iodine Kedge at 33.267 keV and 33.067 keV. The samples were rotated 180 degrees at 0.125
degree increments. A projection was captured by the CCD camera at each rotational
increment for a total of 1,440 projections. The number of pixels in each projection was
520 by 696 in the horizontal and vertical directions respectively. The pixel resolution of
the projections was measured to be 10.06 µm x 10.06 µm. The images were
reconstructed and processed using the same software and techniques described above
for the first series of experiments. Portions of images affected by artifacts were
removed from analysis. Iodine concentration arrays and grain/liquid phase arrays were
created from each raw dataset for each sample. The images were carefully segmented
into grain and liquid phases, characterized, analyzed as described above. The average
iodine concentration, standard deviation, size, height, and unique number of each pore
was identified.
The images containing aerobic granules were further segmented into biofilmphase (blob) and non-biofilm (non-blob) liquid phase using the following process. First,
an anisotropic diffusion image processing algorithm improved the image quality by
altering the raw voxel values of the difference image to reduce speckle noise as
described above. Then, the images were manually segmented into three phases: biofilm
phase, non-biofilm phase, and an unclassified phase. The voxels in the unclassified
phase were then automatically classified as either biofilm or non-biofilm phase by the
indicator kriging algorithm described above. The algorithm analyzed the phases of the
classified voxels surrounding the unclassified voxel in order to make a best guess
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determination of the voxel’s phase. The resulting segmentations were threedimensional arrays consisting of grain phase voxels, biofilm phase voxels, and nonbiofilm liquid phase voxels. ‘Islands’ and ‘holes’ smaller than 1,000 voxels of one phase
that appeared within a large volume occupied by the other phase were converted to the
dominant phase. The voxel mean iodine concentrations from the raw difference images
were mapped to the three-phase arrays, in order to analyze the phase mean iodine
concentrations. The overall objective of the process was to produce segmented images
that accurately classified biofilm and non-biofilm pore spaces.
Grain characterization, pore-network extraction, and blob extraction were
performed to examine the arrays in more detail. These algorithms classified the images
into unique grains, pores, and biofilm blobs. The unique blob and non-blob pore
locations were mapped onto the iodine concentration arrays in order to collect the
statistics for blob and non-blob pore sizes, average iodine concentrations, standard
deviations, heights within the image, and unique identifiers. The SXCMT-determined
iodine concentrations captured in the blobs and in the DI-washed pore spaces were
compared with results of previous experiments to determine if SXCMT could distinguish
iodine-stained biofilm from water-rinsed pores. Figure 3-4 on the following page visually
illustrates the major steps of the full image processing procedure.

38

a

b

c

d

Figure 3-4. A pictorial representation of the segmentation and concentration
quantification process for one slice of L-PM-B-2A. From top-left to bottom-right, (a) the
column is scanned above and below the iodine k-edge (below-edge image shown). (b)
Above- and below-edge images are subtracted to create difference image. Voxel values
are converted to voxel iodine concentrations using Equation 6. (c) Image is segmented
into grain phase, biofilm phase, and non-biofilm phase, and the biofilm phase and nonbiofilm phase concentrations are mapped. (c) The pore network is characterized, and
each pore’s mean iodine concentration is mapped.
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4. RESULTS AND DISCUSSION
4.1

Batch Sorption Experimental Results
The first objective in the batch sorption experiment was to develop a calibration

curve with standard solutions of potassium iodide and known dilutions of commercial
Lugol’s iodine solution in order to establish the ability of the leucocrystal violet (LCV)
method to determine total iodine concentrations from samples of unknown iodine
concentrations from the experiments conducted for this study. Figure 4-1 presents the
relationship between the total iodine concentrations of the standard solutions and their
measured spectrophotometric absorbances (at 592 nm against a de-ionized water
blank) after being subjected to the LCV method.
1
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Figure 4-1. LCV method calibration curve. The equation displayed on the graph relates
spectrophotometric absorption to theoretical iodine concentration.
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This correlation confirmed that the LCV method could be used to measure the
total iodine concentrations of samples generated in the experiments conducted for this
study using preparations of Lugol’s iodine solution. The relationship between the
spectrophotometric absorption at 592 nm of the sample and its LCV-determined iodine
concentration is described by the equation displayed in Figure 3-1. Each data point
represents an average of multiple analyses performed for each KI standard or Lugol’s
dilution. The size of the 99% confidence interval on the LCV-determined KI and Lugol’s
solution concentrations is shown in the figure as error bars that equate to +/- 0.19 mgI/L. The error bars indicate that LCV-determined iodine concentrations of the KI
solutions were expected to fall within +/- 0.19 mg-I/L of the actual standard
concentrations with 99% certainty. The measured concentration of the 1:30,000 dilution
of pure Lugol’s solution was expected to fall within +/- 5,700 mg-I/L of the actual
concentration of 126,000 mg-I/L with 99% certainty.
The sampling range of the LCV method was limited to 0-6 mg-I/L. Samples with
iodine concentrations greater than 6 mg-I/L were required to be diluted for the LCV test.
The experimental error inherent in the method was magnified as dilution size increased.
Limiting the magnitude of the dilution reduced the magnitude of uncertainty caused by
the method.
The second objective of the batch sorption experiment was to use the LCV
method to determine if aerobic granules would absorb iodine from solution and if so, to
quantify the degree of sorption over a range of solutions with different iodine
concentrations. As described in Chapter 3.2, Batch Sorption Experimental Procedure,
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supernatant samples developed by agitating and centrifuging granules in iodine
solutions were analyzed spectrophotometrically using the LCV method. Their total
iodine concentrations were estimated from the measured spectrophotometric
absorbances and plotted as a Freundlich isotherm. Figure 4-2 presents the development
of the Freundlich isotherm for the Lugol’s iodine and aerobic granule system. The
empirical expression of the adsorption isotherm, given by Equation 7, is displayed in the
figure, where y = x/m and x = Ce. The Freundlich constants K and n equate to 0.1083 and
1.4, respectively.
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Figure 4-2. Freundlich isotherm for the sorption of iodine from Lugol’s solution by
aerobic granules. The sizes of the 99% confidence intervals for the LCV-determined [I2]
for each dilution are displayed as error bars.
The data confirmed that aerobic granules sorbed iodine from solution over a
range of 50 to 500 milligrams of iodine per gram of dry biomass and exhibited a pattern
in which the iodine absorption rate increased as solution concentration increased. The
sorption results successfully demonstrate with wet lab methods that biofilms will indeed
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sorb a certain mass of iodine that could potentially be used to detect them with SXCMT
imaging.
4.2

Column Breakthrough Sorption Experimental Results
After the batch sorption experiment confirmed the sorption of iodine from

solution by aerobic granules, the column breakthrough sorption experiment measured
the sorption of iodine from solution by aerobic granules situated in porous media using
the LCV-method to determine iodine concentrations in the effluent flow. The goal of this
experiment was to examine whether granules in porous media would absorb iodine
from solution in a similar fashion to the granules exposed to iodine solution in tubes
during the batch sorption experiment, which would validate the experimental setup
proposed for the porous media-based SXCMT experiments. A successful result would be
one that showed some degree of sorption similar to the previous experiment, which
would suggest that staining biofilms was possible in porous media environments, not
just in vigorously agitated tubes.
Figure 4-3 presents a plot of the LCV-determined iodine concentration in the
column breakthrough effluent as a function of injected solution flow through time in
terms of pore-volume equivalents.
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Figure 4-3. Column breakthrough sorption experiment -- iodine breakthrough in
effluent.
For no adsorption or reaction, C/Co should equal 0.5 after one pore volume has
been injected, and the time required to reach C/Co = 1.0 should indicate the
hydrodynamic dispersion in the fluid (Bear 1972). The breakthrough curves of the
abiotic columns exhibited this pattern. C/Co ≈ 0.5 was observed after 1 PV had been
injected, and the breakthrough of the injection strength of the solution occurred when
approximately 1.5 pore volumes of solution had been injected into the porous media.
By contrast, the two columns containing aerobic granules took much longer to
reach complete breakthrough of the injection strength of the solution during the
experiment. Table 4-1 presents the influent reservoir iodine concentrations for each
experiment along with the final measured effluent breakthrough concentration. The
commercial stock solutions of Lugol’s iodine varied somewhat in initial concentration,
since each run was conducted with Lugol’s iodine from a different bottle.
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Table 4-1. Column Breakthrough Experiment Iodine Concentrations
Experiment LCV-Determined Influent Iodine
Concentration (mg/L)
Abiotic –
8,576
Run A

LCV-Determined Final Breakthrough
Concentration (mg/L)
8,529

Abiotic –
Run B

8,070

8,166

Biotic –
Run A

7,879

7,497

Biotic –
Run B

7,936

7,583

The observed difference in the breakthrough concentration curves of the abiotic
and biotic columns through time may be explained by the sorption of iodine from
solution by the aerobic granules in the biotic column. Using this assumption, the mass of
iodine absorbed by biofilm was estimated by integrating the difference between two
curve-fit equations fit to the effluent concentration data. Power-law trendline equations
for the abiotic series and the biotic series were determined in Microsoft Excel, and the
integral of the difference between the two power-law equations was taken to estimate
the mass of iodine sorbed by the biotic columns containing aerobic granules, which
resulted in an estimated average total mass of iodine of 49 milligrams. Dividing this
mass by the estimated dry mass of the aerobic granules contained in a 9.25 mL volume,
assuming a total solids percentage of 3.8% (see Chapter 3.1), yielded an x/m ratio of 135
milligrams of iodine sorbed per dry gram of biomass. This value for the Freundlich
sorption ratio, x/m, was within the expected range of sorption ratio values observed for
the batch sorption experiment. Because the column breakthrough sorption experiment
was a dynamic experiment, the Freundlich parameter for the equilibrium concentration
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of iodine in solution, Ce, was not known. To plot the sorption data on the Freundlich
isotherm for comparison purposes, the column breakthrough equilibrium concentration
was assumed to be equal to the average strength of Lugol’s iodine injected into the
columns, 8,115 mg-I/L. Figure 4-4 illustrates the Freundlich sorption isotherm with the
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Figure 4-4. Freundlich isotherm for iodine sorption by aerobic granules.
These results demonstrated that granules in porous media columns absorb
iodine from solution in a similar manner to granules exposed to iodine solution agitated
in sample vials for twenty minutes. Neither experiment is able to indicate how far iodine
diffuses into the granular biofilm, but the fact that the two experiments yielded similar
results for iodine sorption suggests that iodine diffused into the biofilm in each
experiment to a similar extent. The column breakthrough experiment confirmed that
the experimental setup proposed for the porous media SXCMT imaging would be likely
to produce useful sample columns for SXCMT imaging.
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4.3

Liquid-Only (L-O) SXCMT Results
The L-O SXCMT experiment was conducted to investigate the degree to which

SXCMT could be used to estimate iodine concentrations from solution in a simplified
environment, which in this case consisted of bundles of capillary tubes filled with
solutions of various concentrations as described in Chapter 3.4 Liquid-Only (L-O)
Experimental Procedure. Lugol’s preparations of known concentrations, as well as batch
sorption supernatant samples, were injected into the capillary tubes and imaged using
SXCMT. The raw images of the capillary tubes, as shown in Figure 3-3, were cut into
subvolumes that consisted of rectangular three-dimensional arrays for each system.
The value of each voxel in each sample subvolume was converted to its estimated iodine
concentration using Equation (6), as described in Chapter 2. The voxel iodine
concentrations were then averaged for each subvolume and compared with the LCVdetermined iodine concentrations measured for the sample.
Figure 4-5 presents the accuracy of the SXCMT technique in matching iodine
concentrations of solutions analyzed using the LCV method. Each data point represents
the average SXCMT-determined iodine concentration for a standard dilution of Lugol’s
iodine plotted against the LCV-determined iodine concentration for those same
solutions. The LCV-determined concentrations were based on the averages of three LCV
assays for each sample.
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Figure 4-5. The average SXCMT-determined [I2] for all liquid voxels in L-O and L-PM
columns vs their LCV-determined [I2]. The size of the 99% confidence interval for the
SXCMT-determined [I2] for each sample column is ±11 mg/L (not shown).
The results indicate that the SXCMT-determined iodine concentrations
correlated well with the LCV-determined concentrations. The agreement between the
SXCMT results and the wet lab results demonstrated that SXCMT had the capability to
successfully capture real differences in iodine concentration. This was essential to
demonstrate that SXCMT could be used to differentiate stained biofilm from unstained
pore space.
The relationship between the two was linear, with a correlation coefficient, R2,
of 0.9997 and a slope deviating 12.5% from unity. The relationship presented above was
subsequently used as a calibration curve to correlate SXCMT-determined iodine
concentrations to LCV-determined iodine concentrations and thus to the actual
underlying mean iodine concentrations of solutions being imaged. The linear
correlation observed here is similar to the relationship between SXCMT-determined
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silver concentrations and wet lab determined concentrations observed by Molnar, et al.
(2014) in their research on determining the concentration of silver nanoparticles in
solution using SXCMT.
The inherent variation between individual voxel values in any SXCMT image is
large. For example, the standard deviation of the 1:3 Lugol’s solution (mean
concentration of 42,133 mg-I/L) shown in Figure 3-5 is 23,351 mg/L, reflecting a wide
distribution of voxel values in the underlying population. However, because a large
number of voxel values are averaged to calculate the SXCMT-determined mean
concentration of each sample, the 99% confidence intervals on the SXCMT-determined
sample concentrations shown in Figure 3-5 are small (+/- 0.011 mg/L). Averaging a large
number of voxels in the SXCMT images yields a high degree of certainty in estimating
the solution concentration. This is the same conclusion reached by Molnar, et al. (2014)
in their SXCMT study, which suggests that using SXCMT to determine solution
concentrations is subject to some general trends such as these observed here.
An additional objective of the L-O column experiment was to confirm the results
of the batch sorption experiment, using SXCMT imaging to determine the iodine
concentrations of the supernatant solutions. Batch sorption samples for the L-O
experiment were prepared under the same experimental conditions as the samples
described in Chapter 3.2, Batch Sorption Experimental Procedure. Iodine solutions were
combined with aerobic granules, agitated, centrifuged, injected into capillary tubes, and
imaged using SXCMT. Representative subvolumes were cut from the SXCMT images, and
the subvolume voxel values were converted to estimated iodine concentrations. The
49

supernatant iodine concentrations were plotted on the Freundich isotherm, presented
in Figure 4-6, along with the LCV-determined iodine concentrations of the supernatant
samples.
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Figure 4-6. Freundlich absorption isotherm showing the iodine absorption rates of
aerobic granules observed during the batch sorption, column breakthrough sorption,
and L-O column experiments.
The SXCMT-determined sorption samples for the L-O systems fell within the
same range as the data from the wet lab samples, confirming the hypothesis that iodine
is absorbed from solution by aerobic granules and demonstrating that SXCMT imaging
could reliably determine the iodine concentration of unknown supernatant samples.
Small pieces extracted from the granules after the sorption experiment
(described in Chapter 3.2) were also imaged with SXCMT. The imaging samples were
prepared by breaking up some granular biofilm, excising small pieces of material, and
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placing them in capillary tubes. Table 4-2 presents the SXCMT-determined iodine
concentrations of the two sample tubes containing granular material.
Table 4-2. L-O Granule Samples
Image
Identifier

LCV-determined
Initial Solution [I2]
(mg/L)

SXCMT-determined
Initial Solution [I2]
(mg/L)

SXCMT-determined
Granular Material [I2]
(mg/L)

L-PO-12

14,037

14,211

28,462

L-PO-16

42,133

42,151

45,696

The SXCMT-determined iodine concentrations of the initial solution agree well
with the LCV-determined concentrations for those samples. Both samples of granular
material exhibit iodine concentrations greater than the initial solutions, indicating
accumulation of iodine in the biofilm. However, because the granules were broken apart
in order to be inserted into capillary tubes with small inner diameters, there was no
effective means to measure the density or volume of material, which was analyzed. So
while these results suggest that biofilm regions may be identified by higher than
expected iodine concentrations, other evidence would be required to reinforce such
findings.
The L-O experiments established a calibration curve for SXCMT-determination of
iodine concentration, and the column breakthrough experiment validated iodine
sorption by granules in porous media. These findings were used in the Liquid-Porous
Media (L-PM) experiments to investigate the use of SXCMT to image biofilms in situ,
relying on absorbed iodine to serve as a contrast agent.
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4.4
4.4.1

Liquid-Porous Media (L-PM) SXCMT Results
L-PM-A Series
The first L-PM experiment consisted of abiotic porous media columns and

relatively homogenized thickened activated sludge biofilm in porous media columns as
described in Chapter 3.5 Liquid-Porous Media (L-PM) Experimental Procedure. Each
above- and below-edge raw image was cut into matching subvolumes to create an
iodine k-edge difference image, the voxel values of which were converted to voxel
iodine concentration values. The difference image was segmented into a two-phase
image (pore-space phase and grain phase) using nonlinear anisotropic diffusion and
indicator kriging software. Mean iodine concentrations calculated from the raw images
were mapped to the pore-space phase. Concurrently, the below-edge image was
smoothed and segmented into grain and pore-phase voxels, and the pore network
structure of the image was then characterized, and each pore of the pore network was
mapped with its unique mean pore iodine concentration.
The results from the first series of L-PM-A images, consisting of abiotic porous
media columns and thickened activated sludge porous media columns, are summarized
in Table 4-3. The SXCMT-determined iodine concentrations shown in Table 4-3 reflect
the total mean iodine concentration of all the pore-space voxels in each image.
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Table 4-3. L-PM-A Iodine Concentrations
Image
Identifier

Description

SXCMT-determined
Mean [I2] (mg/L)

Flow Conditions

L-PM-A-A1

Abiotic/Water

82

10 PV DI water

L-PM-A-A2

Abiotic/Iodine

7,465

L-PM-A-A3

Abiotic/Iodine/1PV
Water

788

1 PV DI water

L-PM-A-B1

Biotic/Water

103

10 PV DI water

L-PM-A-B2

Biotic/Iodine

7,230

5 PV Commercial
Lugol’s Solution

L-PM-A-B3

Biotic/Iodine/1PV
Water

7,894

1 PV DI water

5 PV Commerical
Lugol’s Solution

The mean iodine concentration data from these columns demonstrated that
porous media columns with biofilm-filled pore spaces could be successfully
differentiated from abiotic porous media columns by first injecting them with iodine
solution then rinsing with water. The results showed that abiotic and biotic columns
both exhibited near-zero detected iodine concentrations before being injected with
iodine. After injection with five pore volumes of commercial Lugol’s solution (~8,430
mg-I/L), both exhibited concentrations near the LCV-determined iodine concentration
for commercial Lugol’s solution. After injection with one pore volume of deionized
water rinse, the biotic column retained the mass of iodine absorbed from solution, while
the abiotic column’s iodine concentration fell to much lower levels. The difference
between the iodine concentration of the abiotic column after a water rinse and that of
the biotic column after a water rinse (788 mg-I/L and 7,894 mg-I/L, respectively) was
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sufficient to differentiate the two samples using only SXCMT-acquired data. The results
of this experiment demonstrated that abiotic columns and biotic columns were
indistinguishable prior to iodine staining and were easily distinguishable by iodine
concentration analysis after staining and rinsing with water.
The L-PM-A subvolumes were subsequently analyzed by using pore network
characterization software described in Chapter 3.5 to subdivide the pore phase into
individual pores and to collect the mean iodine concentration and total voxel count
statistics of each pore using the methods of Molnar et al. (2014). An analysis of the
collected data demonstrated that there was an inverse relationship between total voxel
count and uncertainty in SXCMT-determined mean iodine concentration. As illustrated
in Figure 4-7 on the follow page, larger pores exhibited less variation in mean iodine
concentration.
Figure 4-7 illustrates that the water-filled abiotic column and biotic column were
indistinguishable by examination of their SXCMT pore statistics. After injection with
iodine solution, both columns exhibited measurable iodine concentrations in their
pores. The abiotic column illustrated a relatively uniform iodine concentration profile
that approached the true iodine concentration of the solution with the variation in the
pore mean iodine concentration decreasing with increasing pore size. By contrast, the
shape of the distribution of pore mean iodine concentrations in L-PM-A-A2 nearly
matched the shape of the dataset in L-PM-A-A1, except for some pores which contained
lower than injection-strength iodine concentration due to the accidental inclusion of
small air bubbles.
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Figure 4-7. L-PM-A individual pore sizes versus SXCMT-determined pore mean iodine
concentration. Each point represents the mean iodine concentration of an individual
pore.
The biotic column, on the other hand, exhibited non-uniform pore mean iodine
concentrations after injection of iodine (sample L-PM-A-B2), even as pore sizes
increased. This was not surprising and suggested that SXCMT-determined pore data
reflected actual variation in the pore mean iodine concentrations, likely due to uneven
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distribution of biofilm among the pores in the sample. A pore containing a higher
density of biofilm would be expected to demonstrate a higher absorption/retention of
iodine and thus a higher mean iodine concentration than a pore containing less dense
microbial solids or no solids. On the other hand, the biotic image statistics also indicated
many pores with iodine concentrations less than the concentration of the injected
solution, potentially indicating that biofilm-filled pore spaces had blocked fluid flow
paths as well as having trapped some air and did not permit the iodine solution to
penetrate all pores.
After injection with one pore volume of water, the abiotic column’s pore mean
iodine concentrations returned to near-zero levels, while the biotic column’s pore
concentrations remained largely unchanged. The biofilm in the biotic column retained
absorbed iodine, and its biofilm-filled pores were clearly distinguishable from the
washed abiotic pores. This demonstrated that SXCMT imaging could be used to
successfully differentiate iodine-infused abiotic and biotic porous media after a water
flush had rinsed the iodine solution from abiotic pores.
4.4.2

L-PM-B Series
The second series of experiments, L-PM-B, was designed to examine the utility of

iodine injection followed by water flushing in more detail by imaging porous media
columns containing aerobic granules rather than homogenized thickened activated
sludge. It was hypothesized that the granules would create cavities within the porous
media, which would visually indicate their location in the SXCMT image whether or not
they could be differentiated from the surrounding porous media by their iodine
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oncentrations. The results of the L-PM-A suggested that they would be differentiable,
because the granules would absorb and retain iodine after a water flush, while any
pores in the image that did not contain sufficient microbial material to retain iodine
would exhibit near-zero iodine concentrations.
The experimental setup for each granule-based experiment was summarized in
Chapter 3.5.2, Liquid-Porous Media-Granular Biofilm (L-PM-B) Series, in Table 2-6. The
exact procedure for each image differed depending on the experimental objective to be
achieved. Each image was processed in a manner similar to that used for the analysis of
the previous SXCMT images. Each above- and below-edge raw image was cut into
matching subvolumes to create an iodine k-edge difference image, the voxel values of
which were converted to voxel iodine concentration values. The difference image was
segmented into a three-phase image (biofilm phase, non-biofilm phase, and grain
phase) using nonlinear anisotropic diffusion and indicator kriging software. Mean iodine
concentrations calculated from the raw images were mapped to the phases.
Concurrently, the below-edge image was smoothed and segmented into grain and porephase voxels, and the pore network structure of the image was characterized. The pore
network was then mapped with the mean pore iodine concentrations.
The first column in the L-PM-B series, identified as L-PM-B-2, was prepared by
placing two granules in a porous media column. In order to increase the contrast
observed between the mean iodine concentrations of the abiotic and biotic pore-space
observed in images L-PM-A-A2 and L-PM-A-B-2 described above, the column was
stained with iodine then flushed with water to rinse the contrast agent from the abiotic
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pore space. Figure 4-8 presents visualizations of the below-edge image, the
concentration mapping, and the biofilm phase segmentation, as well as the image’s
pore size and mean iodine concentration statistics.
L-PM-B-2 (a)

L-PM-B-2 (b)

L-PM-B-2 (d)

L-PM-B-2 (c)
SXCMT-determined Pore Mean [I2] (mg/L)

40,000
30,000
20,000
10,000
0
-10,000
-20,000
-30,000
1.E+2

1.E+3
Pores

1.E+4
1.E+5
1.E+6
Pore Size (# of voxels)
Biomass Phase

1.E+7

1.E+8

Non-Biomass Phase

Figure 4-8. Three-dimensional visualization and slices generated from sample L-PM-B-2
from top to bottom: (a) the below-edge image, (b) voxel mean iodine concentration
heat mapping, (c) segmentation of the biofilm phase, and (d) mean iodine concentration
in each pore.
The below-edge image revealed two large cavities in an otherwise typical packed
porous media. The voxel iodine concentration mapping indicated that the large cavities
contained high amounts of iodine while the small pores contained near-zero levels of
iodine as hypothesized. The pore statistics presented in the figure exhibited a few
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outlying data points that indicated large pores with high iodine concentrations, pictured
in blue. The majority of the smaller pores had iodine concentrations approaching zero
with the exception of some small pores that were generally located in the neighborhood
of the granules.
The segmented phases reflected the trend that was observed in the pore
statistics. The biofilm phase (pictured as a green datapoint in Figure 4-8 (d) exhibited a
high mean iodine concentration, and the abiotic phase concentration (pictured as a red
datapoint in Figure 4-8(d)) exhibited a near-zero mean iodine concentration. Combined
with the visual evidence shown in the figure, this suggested that the SXCMT imaging,
coupled with anisotropic diffusion/indicator kriging segmentation, was largely successful
in estimating the actual distribution of granules in the column. Table 4-4 presents a
summary of the pore statistics for image L-PM-B-2.
Table 4-4. L-PM-B-2 Summary Statistics
Image
Identifier

L-PM-B-2

Total Voxel
Count

Porosity

Volume
(uL)

Mean Iodine
Concentation (mg/L)

Pore

18,500,000

41%

19

4,460

Biofilm

9,660,000

20%

9

8,693

Nonbiofilm

8,878,000

21%

10

-52

Phase

It is unclear whether the elevated concentrations represent diffusion of iodine
back into solution from the biofilm or actual biofilm-absorbed iodine. Anecdotal results
from wet lab experiments suggested that iodine re-diffusion from biofilm to the
surrounding liquid was limited over the time scales of experimentation, and the results
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of this SXCMT image exhibit sharp concentration fronts and near-zero pore space
concentrations. If iodine re-diffusion were more significant, the SXCMT image would
exhibit higher pore-space concentrations and wider concentration fronts.
The next images, identified as L-PM-B-3A and L-PM-B-3B, were captured from
two different heights of a column prepared by loading a higher ratio of granules to
porous media than was used in the previous images. The column was injected with
iodine, rinsed with water, and imaged. Figure 4-9 on the following page displays the
three-dimensional visualizations of the below-edge images, the voxel-mapped iodine
concentrations, and the biofilm phase segmentation.
The images exhibited a higher degree of biofilm-filled pore spaces than the
previous image. Variation in iodine absorption within the biofilm was clearly observed in
the difference images and appeared to be related to granular morphology. Both of these
phenomena are illustrated in the graphs presented in Figure 4-10 on page 62. The plots
are characterized by two distributions of pore averages: a large group of pores with high
iodine concentration, reflected by the biofilm phase overall mean iodine concentration
data point (green), and a smaller group with near-zero concentrations, captured by the
non-biofilm phase overall mean average data point (red). Table 4-5 on page 62
summarizes the image statistics. To calculate the biofilm phase overall mean iodine
concentration, all of the biofilm phase voxel iodine concentrations were averaged
together. To calculate the non-biofilm phase overall mean average iodine concentration,
the non-biofilm phase voxels in the pore phase were averaged together.
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L-PM-B-3A (a)

L-PM-B-3B (a)

L-PM-B-3A (b)

L-PM-B-3 (b)

L-PM-B-3B (c)

L-PM-B-3A (c)

Figure 4-9. Three-dimensional visualization and slices generated from samples L-PM-B3A (right) and L-PM-B-3B (left), from top to bottom: (a) the below-edge images, (b) voxel
mean iodine concentration heat mapping, and (c) segmentation of the pore phase.
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Figure 4-10. Pore mean iodine concentrations versus pore size for images L-PM-B-3A
and L-PM-B-3B. Overall biofilm-phase mean iodine concentration shown in green,
overall non-biofilm phase mean iodine concentration shown in red.
Table 4-5. L-PM-B-3A/B Summary Statistics
Image
Identifier

L-PM-B-3A

L-PM-B-3B

Total Voxel
Count

Porosity

Volume
(uL)

Mean Iodine
Concentation (mg/L)

Pore

23,400,000

52%

24

8,006

Biofilm

18,800,800

42%

19

10,521

Nonbiofilm

4,660,000

10%

5

1,308

Pore

21,500,000

47%

22

9,785

Biofilm

14,800,000

33%

15

12,877

Nonbiofilm

6,620,000

15%

7

1,350

Phase
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Subsequent images in the series exhibited similar results, with granules creating
large cavities in packed porous media matrices that were identifiable upon inspection of
visual and SXCMT evidence. Two final experimental columns were constructed in order
to examine the ability of SXCMT imaging to differentiate an abiotic column from a
column containing a small amount of biofilm in which the biofilm was not evident from
analysis of the pore size distribution. The biofilm image, identified as L-PM-B-6,
contained a small concretion of biofilm packed into the porous media, which had been
placed into the porous media at an interface between 20/30 Accusand and 40/50
Accusand (to mark the approximate location of the small granule) and then tightly
packed.
After being stained with iodine, the small granule was detectable to SXCMT by
analyzing the iodine concentrations in the porous media matrix, even though the pore
size distribution did not exhibit any large pore sizes. The abiotic column, identified as LPM-7, was prepared with 20/30 Accusand. Every pore of this image contained near-zero
concentrations of iodine. The contrast between the two images presented evidence that
suggested that the iodine staining technique might be suitable for imaging smaller,
more compact biofilms which were not obvious from pore size analysis. Figure 4-11 on
the following page presents the visualizations produced for the two images. Figure 4-12,
on page 65, displays the mean iodine concentrations from each of the pores of the two
images, as well as the overall mean biofilm-phase iodine concentrations for Image L-PMB-6 and the overall liquid phase concentration for Image L-PM-B-7, which lacked biofilm.
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L-PM-B-6 (a)

L-PM-B-7 (a)

L-PM-B-6 (b)

L-PM-B-7 (b)

L-PM-B-6 (c)

L-PM-B-7 (c)

Figure 4-11. Three-dimensional visualizations, slices, and statistics generated from
samples L-PM-B-6 and L-PM-B-7, from top to bottom: (a) the below-edge images, (b)
voxel mean iodine concentration heat mapping, and (c) segmentation of the pore phase
(L-PM-B-6: biofilm phase; L-PM-B-7: liquid phase). Liquid pore-space phase shown in LPM-B-7 (c) in place of biofilm phase because the image was abiotic.
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Figure 4-12. Iodine concentration for each pore versus the pore size for Images L-PM-B6 and L-PM-B-7.
The interface between the large and small diameter sands was used to
corroborate the probable location of the small granule that had been placed in column
L-PM-B-6. As shown in Figure 4-11, the location of the small granule could be easily
identified purely on the basis of its iodine concentration, which was sufficiently greater
than the surrounding pore spaces to provide good contrast. The fact that its placement
in the image is near the interface of the two different sands serves to corroborate the
evidence from the concentration map.
Image L-PM-B-7, on the other hand, was known to contain no granules.
Accordingly, no large cavities were observed, and no pores exhibited high iodine
concentrations. For this reason, Figure 4-11 (c) shows the liquid phase segmentation,
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because there is no biofilm to show. A summary of the pore statistics are presented in
Table 4-6. These results demonstrate that SXCMT with iodine staining was able to
differentiate a sample containing a small mass of microbial material from a sample that
was known to contain no biofilm.
Table 4-6. L-PM-B-6 and L-PM-B-7 Summary Statistics
Image
Identifier

Total Voxel
Count

Porosity

Volume
(uL)

Mean Iodine
Concentation (mg/L)

20,700,000

32%

21

655

Biofilm

842,000

1%

1

8,681

Nonbiofilm

19,800,000

31%

20

314

Pore

19,100,000

30%

19
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Phase
Pore

L-PM-B-6

L-PM-B-7

The results of the remaining images repeated and confirmed the findings of
those presented above. Figure 4-12 presents the mean phase iodine concentrations of
the biofilm phases and non-biofilm phases of the sample columns, which contained
aerobic granules and were injected with iodine solution followed by one pore volume of
water.
SXCMT-determined Pore Mean [I2]
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Figure 4-13. Mean iodine concentrations for the biofilm phase and non-biofilm phase
voxels for 11 applicable images in the L-PM-B series.
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The phase mean iodine concentrations for the biofilm phase fell within a reasonable
range (6,079 mg-I/L to 12,877 mg-I/L) for absorption of iodine from commercial Lugol’s
solution, and the non-biofilm liquid-filled phase values were all observed at near- or
below-zero values, as expected from previous experiments. Negative values were
detected where air bubbles had intruded into the porous media. Because image
artifacts were removed from analysis and segmentation threshold choices were
controlled to the most possible degree, the variation in the biofilm and non-biofilm
phase concentrations could have been due to real macroscopic factors, such as different
granule densities across and within samples, varying degrees of iodine sorption across
images (due to different flow paths and granule morphologies), and varying degrees of
iodine-flushing from pore spaces after one water flush. Images L-PM-B-3A & B
illustrated that a fairly wide range of absorption could occur within a single granule, for
instance. The degree of iodine diffusion back into the liquid-filled pores from the biofilm
was not investigated directly, but the experiments did indicate that at least some
absorption was not reversed over the time period of interest. The images containing
iodine-stained granules and water-rinsed pores exhibited high iodine concentrations in
the biofilm and near-zero concentrations in the pores, suggesting that in the short time
period required for imaging, diffusion of iodine back into solution was limited. The
semi-manual process of segmentation, another source of potential uncertainty, seemed
to be fairly successful in capturing the spatial extent of biofilm in the pore spaces. The
contours of the segmented biofilm phase generally matched the large cavities within
which the biofilm was expected to be present.
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4.5

Conclusions and Future Work
This study investigated whether injecting an aqueous iodine solution as a

contrast agent followed by a water flush is a viable method for using SXCMT to visualize
biofilms. The results suggest that under the right conditions of inorganic porous media
and the fairly dense biofilms used here, the method succeeds in differentiating biofilmoccupied pores from abiotic pores. The use of aerobic granular biofilm was intended to
provide simple, qualitative validation of the method by producing large cavities in the
porous media, which were known to contain biofilm. The general success of the method
was confirmed by the segmented images. The concentrations of iodine contrast agent
absorbed to the biofilms were sufficient to facilitate image segmentation into distinct
high-iodine and low-iodine phases. The locations and structures of the high-iodine
phase segmentations corresponded in gross terms with the large cavities in the porous
media occupied by the aerobic granular biofilms. Critically, all of the large cavities
occupied with granular biofilms were differentiable when exposed to iodine solution
and then flushed with water. In other words, no negative evidence was observed to
invalidate the imaging technique. The SXCMT imaging results also showed small biofilms
unexpectedly interspersed within the porous media in some locations where no large
cavity was present, indicating promise for future applicability to biofilm/porous media
systems that more closely resemble ‘real-world’ systems.
The method overcomes some of the limitations of the other contrast agent
strategies that have been proposed. Because Lugol’s iodine solution is aqueous, it is
easily flushed from non-biofilm pore spaces while being retained in the biofilm, unlike
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contrast agents containing solid materials, such as silver microspheres or barium sulfate.
It can be used without the concern that it has sufficiently penetrated the pore spaces,
unlike barium sulfate, 1-chloronaphthalene and silver microspheres, all of which have
uncertain abilities to penetrate small pores. Because it diffuses readily into biofilm, it
may be used in the future to visualize internal biofilm structure, as preliminary results
from this study suggest.
The likelihood of isolated false positive pores, where elevated iodine
concentrations would falsely indicate the presence of biofilm in a non-biofilm region of
the porous media, is small. That is not the case with non-aqueous phase or solid-based
contrast agents, where immiscibility with water and fine pore structures could
conceivably result in false identifications of biofilms. However, the method is probably
not able to sharply distinguish biofilm/non-biofilm interfaces due to re-diffusion of
iodine from biofilm back into solution. This study did not investigate this phenomenon.
Future work with iodine solution as a contrast agent should start with an examination of
the rate and degree of re-diffusion from biofilms into water solution and should also
investigate using a flushing solution with a low solubility for iodine. This technique could
also be used in conjunction with some of the other methods discussed in the literature,
in order to mitigate their limitations and combine their strengths. For example,
simultaneous use of iodine and a non-biofilm phase agent such as silver microspheres
would limit the likelihood of isolated false positive pores, which could be delineated by
microspheres but would have a near-zero iodine concentration, and would greatly
increase the ability to characterize the interface of the biofilm. SXCMT visualization of
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biofilms in porous media has been shown to be viable by several methods, and the next
step will be to find a successful combination of these approaches. This study
demonstrates that aqueous phase contrast agents such as iodine should be a key piece
in SXCMT biofilm imaging.
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